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Yannick Peysson, Laurent André, Mohamed Azaroual. Well injectivity during CO2 storage operations in deep saline aquifers-Part 1: Experimental investigation of drying effects, salt precipitation and capillary forces. International Journal of Greenhouse Gas Control, Elsevier, 2014 , 22, pp.291-300. 10.1016 /j.ijggc.2013 3. Drying of Moliere Sandstone samples by gas injection 138 The dynamics of drying by gas injection have been only poorly investigated by experiments 139 (Mahadevan et al., 2007; Peysson et al., 2011b) . The main objective of our work was to 140 measure the evolution of water saturation with time in order to quantify the drying effect. Is 141 there a remaining water phase blocked by capillary effects? What effect does the dissolved 142 salt have on drying dynamics and rock permeability? These questions must be answered if 143 we wish to predict, for CO 2 sequestration, the temporal and spatial evolution of the dry zone 144 near the injection wells. The first set of experiments was done with tight sandstone to 145 increase the capillary effects and to investigate the drying dynamics. 147 We measured the evolution of the local and average liquid saturation in the Moliere sample.
Drying conditions at the lab scale and experimental results

148
The nitrogen injection was imposed in four steps (Fig. 2 ). The outlet pressure was set at 50 149 bars and two temperatures were studied: 90 °C and 120 °C. 150 The pressure was increased step-wise to study the effect of gas velocity on saturation and 151 drying dynamics. The average water saturation and the outlet gas flow rates for the two 152 temperatures are shown in Fig. 3 , and the local saturation profiles are shown in Fig. 4 .
153
At both temperatures, the mean water saturation decreased and the gas outlet flow rate 154 increased ( Fig. 3 ). During the first two pressure plateaus, the predominant regime was a two-155 phase immiscible displacement (piston effect) as the gas flow pushed the water out of the 156 rock sample. Thereafter, the gas flow rate was high enough to evacuate part of the water as (Kulkarni et al., 2009 ) was used to calculate the evolution in saturation caused by the 186 injection of gas at an imposed pressure. Two closure laws are required: the gas-water 187 capillary pressure and the gas-water relative permeability curves ( Fig. 5 ).
188
The drainage capillary pressure curve was measured using the centrifuge technique and 189 modelled with the following equation (Fig. 5a ):
where P t and P 0 are parameters and S* = (S w -S min )/(S max -S min ) is the reduced water saturation 192 (S min = 0.16 and S max = 1). Relative permeability curves for gas and water were calculated 193 using the Corey equation (Fig. 5b ).
194
Although the effect of temperature on relative permeability has rarely been studied, some 197 measurements are available for thermal enhanced oil recovery (Hamouda and Karoussi, 198 2008). The relative permeability curves change little for a small range of temperatures. This 199 can be interpreted, bearing in mind that these curves represent, for the most part, the 200 geometrical restriction to the flow of one phase relative to the other. The distribution of the 201 fluid in the porous structure depends on the capillarity and wettability. However, within a 202 temperature range of 90 to 120 °C, the changes are small. We therefore considered no 203 changes in the relative permeability curves for our experiments at 120 °C.
204
The capillary pressure curve can be represented as P c = 2..cos/<r>, where <r> is the 205 average pore radius saturated with water for a given saturation. The temperature variation 206 would then be given by the surface tension variation  and the wettability that could be 207 locally represented by a contact angle  (or more precisely the cosines of this angle). In 208 general, surface tension decreases with temperature (Guyon et al., 2001) . For water-air 209 systems, the decrease is relatively small between 90 and 120°C (60 to 55 mN/m). For the wettability, we assume, in our case, strong water wet rock and no change with the 211 temperature. The gas is the non-wetting phase for the two temperatures. So at a first 212 approximation, we kept the capillary pressure curve constant for the case of 120 °C.
213
For the CO 2 /brine system, surface tension and wettability measurements as a function of the 214 temperature have been reported recently (Chalbaud et al., 2009 (Chalbaud et al., , 2010 .
216
The Darcy two phase flow equations were solved numerically. The calculated gas flow rate 217 and the average water saturation inside the core were compared to the experimental data 218 ( Fig. 3 ). This confirmed that the first two pressure plateaus are essentially two-phase flow 219 immiscible displacement. However, the two last plateaus in the experiments are dominated 220 by drying dynamics. Indeed, with only two-phase flow, saturation should have continued to 221 the irreducible water saturation (S wi = 0.16 for these samples) but we observed a total 222 desaturation of the samples. We must therefore quantitatively consider the effect of water 
Quantitative interpretation: Thermodynamic aspect of drying 226
To interpret the drying dynamics, we assumed that irreducible saturation was achieved after 227 the gas displacement. The liquid water mobility was therefore zero. The dry gas was injected 228 at a mass flow rate Q g (Fig. 6 ). If we introduce the water vapour weight concentration at 229 equilibrium C (kg of water/ kg of gas), the mass balance gives the outlet water flow rate CQ g :
230
The decrease in the saturation in the sample is then directly related to the gas flow rate:
where m 0 is the initial mass of water in the fully saturated sample.
233
In porous media, a classical assumption is to consider a local thermodynamic equilibrium so 234 that the water vapour concentration can be calculated at equilibrium (Puiggali and Quintard, 235 1992). Indeed, the latent heat of the vaporisation is in excess in the solid phase and the 236 pores are small enough so that gas diffusion is fast enough to homogenise the water vapour 237 at the pore scale.
238
Water vapour concentration 239 Water vapour concentration can be defined by the molar fraction y (mol of water vapour/mol 240 of gas) or by the mass concentration C (kg of water/kg of gas). The relationship between the 241 two variables is the following:
where M H2O is the molar mass of water and M gas is the molar mass (kg/mol) of the water 244 vapour and gas mixture. For nitrogen:
But in the case of drying under our thermodynamic conditions, y is very small (around 10 -3 ) 247 and the term We could therefore simplify C to:
The water vapour molar fraction was estimated analytically using the Ideal Gas Law. Indeed, 252 at equilibrium, we have:
where T and P are the average pressure and temperature in the sample. Since we 255 measured the volumetric flow rate in our experiments, we introduced  (kg/m 3 ), the water 256 vapour concentration (mass of water vapour by volume of gas), and can write:
where  depends only on the temperature:
For nitrogen, we calculated  as a function of temperature ( 
where T is °C. 266 We also calculated  for the real gas equation for nitrogen with CARNOT, thermodynamic 267 software developed by IFPEN, from the Peng-Robinson equation of state. In this case, we 268 have a weak pressure effect ( Fig. 7) . 
The water liquid-vapour equilibrium curve P s (T) is modified in porous media by the capillary 277 pressure P c (S). The water is trapped in liquid form and the vapour concentration in the gas 278 decreases. The higher the capillary pressure, the lower the water vapour concentration. But 279 even in the Moliere sandstone, this effect was very weak, as shown by the dashed line in Fig.   280 7 (the correction is made for ideal gases only). We used the capillary pressure curve 281 measured for the Moliere sandstone (Fig. 5 5a) .
282
Saturation evolution in drying regime 283 From Eq. (4), if drying is the predominant regime of water evacuation, we can calculate the 284 average saturation evolution in our experiments:
where Q g is the flow rate measured at the outlet of the core. Fig. 8 compares the average 287 water saturation remaining in the sample and the saturation calculated with Eq. (15) (at 120 288 °C, we removed the residual signal due to the precipitated salt to have only the water 289 saturation evolution). In Fig. 8a , we used different values of        to 290 compare with the data.
291
For the two temperatures studied, only one value of  enables a perfect estimation of the 292 decrease in saturation.  could be measured by adjusting the saturation calculated with Eq.
293
(15) and the experimental data.
294
This strong coupling between the measured gas flow rate and the average saturation was 295 verified for all of the experiments and for the two rock types. For each experiment, in the 296 predominant drying regime, Eq. (15) was used to calculate  and Fig. 9 shows the values 297 measured for the different temperatures studied.
298
These results are very interesting because we see a very good match with  calculated with 299 the Real Gas Law, and we can then conclude that the evaluation of at equilibrium is valid and that the Kelvin effect can be totally disregarded, as expected based on the model (Eq.
301
(10)).
302
Outlet gas flow rate prediction in the drying mode 303 Because the average water saturation and the outlet gas flow rate are coupled in the drying 304 mode (Eq. (15)), if we can determine the outlet gas flow rate from the imposed pressure, we 305 can directly deduce the water saturation. For this, we need to know the shape of the gas Because the pressure is constant during the plateau, we can calculate the evolution of the 316 gas relative permeability with saturation by the ratio of Eq. (16) at two times:
The recorded data at 90 °C and 120 °C are represented in Fig. 10 .
319
The only constraint imposed is K r g (S w =0) = 1 (We have to recover the sample permeability in 320 monophasic flow). The two data sets merge on a single curve (Fig. 11 ) that is coherent with experiment with Moliere sandstone. The consequence is a massive precipitation of 405 salt close to the inlet of the core with a full clogging preventing any gas injection.
406
The processes occurring during this second step are complex because many have opposite 407 effects. To better understand the different processes, a Péclet number can be calculated to 408 provide information concerning the ratio between advective and diffusive transport (Huinink 409 et al., 2002; Sgair et al., 2007; Guglielmi et al., 2008) :
where L is the characteristic length, D the diffusion coefficient (D = 10 -10 m 2 /s for salt in 412 water), and V the gas velocity (V = Q g /S).  is taken from Fig. 9 . Péclet number (about 4 and 15 at 90 °C and 120 °C, respectively) suggests that salt diffusion 419 occured inside the core (from the inlet toward the outlet) resulting in a rather homogeneous 420 distribution of salt throughout the column.
421
For the experiment with the Vosges sandstone, the mean gas velocity (Q g ) was about 3 
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